The effect of chiral and achiral ligands protecting the inner Au 9 core of the Au 18 (SR) 14 cluster is studied based on density functional theory (DFT) and its corrected long-range interaction (DFT-D) approach. It was found that the electronic properties (energy levels) depend on the specific ligands, which induce distinct distortions on the Au-S framework. However, the substitution of S-c-C 6 H 11 as SCH 3 ligands may be considered to be correct given the obtained resemblance to the displayed bonding, optical and chiroptical properties. A further comparison of the CD and UV spectra displayed by the In 2015, the structure of thiolated Au 18 cluster protected by S-c-C 6 H 11 ligands was solved by means of X-Ray diffractions studies but its CD spectrum was missed.
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In contrast, previous theoretical models 2 and experimental reports had established the Au 18 cluster to be chiral whereby its CD spectra were known. 3 In the experimental report of the Au 18 (SR) 14 cluster the lack of a CD signal was attributed to the presence of a symmetry plane. However, in a recent computational study, the C 1 symmetry was preferred over the C s symmetry by circa 3.0 eV. 4 This result supports the hypotheses that the Au 9 inner core is intrinsically chiral while the cyclohexyl (S-c-C 6 H 11 ) ligand is achiral. In this communication a systematic study of the influence of chiral and achiral ligands on the structural, optical and chiroptical properties of the thiolated Au 18 cluster has been conducted. The importance of this study lies in the photochemical properties of the Au 18 cluster and in its potential applications. 5 Two sets of ligands were selected: one set comprised eight achiral ligands and a second set, three chiral ligands. All calculations are based on density functional theory (DFT) 6 and/or its corrected long-range interaction (DFT-D) 7 approach.
It is important to mention that the consideration of long-range forces (van der Waals interactions) is important when the organic part of the ligand is constituted by chemical groups that are expected to interact among themselves (interligand interaction) and with the environment. The ligand effects on the structure of thiolated Au 15 cluster was reported in 2013, and the consideration of the N-acetyl-L-cysteine (NAC) as a ligand resulted in a lower energy isomer. 8 Moreover, the effect of ligands on the optical properties of various protected gold clusters has been found or computationally predicted, for example, into the thiolated Au 25 cluster the ligands effect was revealed as a distortion into the Au-S framework, 9 and on the structure of the Au 24 cluster where thiolate or selenolate ligands organized forming various kind of motifs. 10 In thiolated Au 40 clusters a major dependency on the ligand type was reported; a 2-phenylethylthiolate (2-PET) ligand conduced to a structure with an oblate Au 26 core, 11 while a 2-methylbenzenethiolate ligand produced a snowflake-like Au 25 core (determined experimentally).
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The idea of an intact core can be exemplified by the thiolated Au 36 cluster which has been synthesized using three different types of ligands (SPh, SPh-t-Bu and SC 5 H 9 ). 13 This result was unexpected because those ligands are very different; the SPh-t-Bu (or TBBT) ligand due to its bulkiness might induce distortions into the Au-S framework, while in the SPh ligand the induced distortion might be due to its aromaticity. The cyclopentylthiolate (SC 5 H 9 ) ligand, being nonaromatic, could have a moderate influence on the structural properties, but based on its steric hindrance, it imposes the largest steric stress. 13c It was thought that the influence of ligands was due to steric effect or derived from the aromaticity (aromatic thiols) and electronic effects. However, it is necessary to consider the interaction between gold core atoms and ligands or between ligands constituted by active chemical groups. In this study, van der Waals interactions were included by using the method of Grimme et al. 7 Moreover, generalized gradient approximation (GGA) 14 and the PerdewBurke-Ernzerhof (PBE) exchange-correlation functional was used. 15 The LANL2DZ basis set was employed for Au atoms (19 valence electrons) and the 6-31G(d,p) basis set for H, S, C, N, and O atoms. The structural optimizations were performed using a force tolerance criterion of 0.01 eV Å
À1
. All mentioned methodologies were implemented using the Gaussian 09 (G09) package. 16 The mentioned DFT-PBE methodology, with no consideration of the long-range interactions, has been amply used by the author in the study of thiolated gold clusters, and finds good agreement with the experiments and other calculations. 8, 9, 17 A set of eleven ligands, included in experimental or theoretical reports devoted to the study of thiolated gold clusters, is considered along this study. The first set of eight achiral ligands includes para-mercaptobenzoic acid (p-MBA), 18 SPh, 19, 20 SPhNO 2 , 21 cyclohexanethiol (S-c-C 6 H 11 ), 1, 22, 23 2-phenylethylthiolate (2-PET), 24 mercaptopropionic acid (MPA that has been considered in gold nanoparticles), 25 besides the amply used SCH 3 ligand during calculations. Starting from the experimental Au 18 cluster protected by 14 S-c-C 6 H 11 ligands, a set of initial structures was built; some of them are depicted in Fig. 1 -5. After relaxation, calculations based on a DFT-D approach show ligands with different orientations with respect to the DFT relaxed ones (Fig. 1, 3 and 4 ). This distinct orientation was expected to affect both the Au-S framework of the studied clusters and their electronic properties. Interestingly, clusters protected by SPh (Fig. 2) , S-c-C 6 H 11 (Fig. 4) , and SCH 3 ligands (Fig. 5) show a similar Au-S framework. This similarity is found even in structures relaxed by means of DFT-D calculations (see Fig. S1 -S5, ESI †). Hence, the well-known interaction between phenyl rings 23 is diminished even in the Au 18 cluster protected with SPh ligands, which must be ascribed to the space available on the surface of the gold core that might reduce the steric hindrance. Up to now it is important to note how S-c-C 6 H 11 , SPh and CH 3 ligands seem to maintain the Au 9 core intact. A further bonding analysis revealed a stronger distortion into the Au-S framework (Fig. S6 , ESI †, left panel) of the DFT relaxed Au 18 cluster including p-MBA ligands, and this result is in accordance with an early study devoted to the thiolated Au 25 cluster. 9 However, the DFT-D optimized structure features distinct Au bond lengths in the core (Au c -Au c bonds) from those involving core and staples (Au c -Au s ). Additionally, less dispersed Au c -Au c bonds are found with respect to DFT relaxed The cause of the small interaction between phenyl rings might be ascribed to the large space on the gold core. structures. This result may be due to the interligand interaction between carboxyl groups, which results in a compact gold core, with less dispersed Au-S bonds, while the S-C bond lengths are reduced slightly. The borderline between both Au-S and Au-Au bonds displayed by all studied clusters is indicated by a dotted line in Fig. 6 , and a complete comparison of the bonding types displayed by DFT and DFT-D structures is shown in Fig. S6 (ESI †). This result demonstrates that the effect of the ligands cannot be ascribed merely to their bulkiness but to the presence of chemical groups and to their interaction. Chiral ligands were considered in addition and their structures are provided (see Fig. S7 , ESI †, for optimized structures).
From Fig. 7 , it is evident that NH 2 groups substituted in 2-PET produce a distortion of C-C, S-C, and Au-S bonds. However, clusters protected by 2-PET and S-CH 2 -CH(CH 3 )-Ph (2-PET-Met) ligands are similar. 26 Meanwhile those structures protected by SCH 3 , SPh, and S-c-C 6 H 11 seem to maintain an ''intact'' Au 9 core. A comparison of the inner cores of relaxed structures revealed as the main difference some deflections induced into the tetramer motif ( Fig. S1 and S3, ESI †). Once again, SCH 3 , SPh, and S-c-C 6 H 11 ligands do not interact strongly, in such manner that the DFT and DFT-D relaxed structures look quite similar.
Up to now the influence of the ligands on the bonding displayed by the studied structures is evident, and it was expected that related optical absorption (UV) and circular dichroism (CD) spectra also showed a ligand dependency.
The obtained optical absorption and CD spectra profiles of the set comprised of achiral ligands, based on both DFT (black curves) and DFT-D calculations, are shown in Fig. 8 . The calculated profiles of clusters protected by SCH 3 , SPh and S-c-C 6 H 11 are similar independent of whether or not long range interactions are taken into consideration. This supports the idea that when there are no active chemical groups included in the ligands, then both types of calculations converge to similar curves. It needs to be remembered that the experimentally determined structure of Au 18 (SR) 14 clusters was protected by achiral S-c-C 6 H 11 ligands and calculations show similar UV and CD spectra of clusters protected by both ligands and therefore the S-c-C 6 H 11 ligand can be substituted by SCH 3 ligands during calculations. It is worth noting the better agreement in the relative intensity of the first two peaks shown on the Au 18 cluster protected by S-c-C 6 H 11 ligands when compared with the experimental spectrum (Fig. S8, ESI †) . The importance of including van der Waals interactions is shown in Fig. S9 (ESI †), where a slightly better agreement in the position of UV peaks with the experiment is obtained. Another interesting fact is that the CD curve is less intense for the cluster protected by S-c-C 6 H 11 ligands than for clusters protected by SPh, SPhNO 2 and p-MBA ligands. Our study demonstrates that the Au 18 (SR) 14 cluster protected by S-c-C 6 H 11 ligands shows a weak CD signal.
In order to know how the contribution of achiral ligands influences the electronic structure of related Au 18 (SR) 14 clusters, their contribution to the energy levels was determined. The energy level diagrams are included in Fig. S10 (ESI †) and they reveal that the oxygen atoms, in the cluster protected by p-MBA, make an important contribution to the HOMO level. Clearly, the DFT calculations, where carboxyl and hydroxyl groups do not interact and therefore do not form patterns, show a major contribution to the HOMO level coming from the oxygen atoms. This result is important because it supports the idea that it is not necessary that the first peak must be associated uniquely with metal-centered transitions because ligands are able to modulate the electronic structure of thiolated gold clusters. For example, the first weak peak (small oscillator strength) located at 1.33 eV is mainly associated with a HOMO -LUMO (96%) transition. Another peak located at 1.92 eV (red curve in Fig. 8 ) has contributions mainly from HÀ13 -LUMO (75%) and HÀ12 -LUMO (7%) electronic transitions that involve energy levels with a high contribution from oxygen atoms (the HÀ12 level holds a contribution of 25% coming from O atoms). Interestingly, the Au 18 cluster protected by p-MBA and relaxed by means of DFT shows a HOMO level with 61% contribution from O atoms, 24% contribution from C atoms, and 7% contribution from S atoms, respectively. The peak located at 1.99 eV is due to HOMO -L+2 (84%), and HÀ14 -LUMO (5%) electronic transitions. Also, a first 1.19 eV electronic transition with a small oscillator strength, involves to HOMO and LUMO (99%) levels.
In general, the UV spectra of clusters including SPhNO 2 (HÀ4 -L+11 (20%), HÀ7 -L+6 (12%), HÀ5 -L+10 (12%)), SPh (HÀ2 -L+5 (24%), HÀ7 -L+3 (23%), HÀ4 -L+4 (13%)) and p-MBA (HÀ9 -L+3 (46%), HÀ10 -L+3 (22%), HÀ23 -L+1 (10%)) ligands display an intense peak located circa 2.75 eV which is missing for clusters protected with no aromatic rings. Those peaks can be attributed to levels with an important contribution from Au and S atoms.
The cluster including SCH 3 as a ligand is unique, which exhibits similar CD signals based on both DFT and DFT-D calculations. In contrast, including S-c-C 6 H 11 as protecting ligands and based on both kinds of calculations result in slightly different profiles in the range from 2.25 to 2.80 eV approx. (Fig. S11, ESI †) . The CD spectra of other compounds show an evident major difference. It has been verified that there is a slight shift toward lower energies of CD curves for the more distorted p-MBA protected cluster, and this result is in line with a previous study on the thiolated Au 25 cluster. 9 A negative peak located at 2.61 eV is common to all relaxed clusters based on DFT calculations. Turning our attention back to the second set of three chiral ligands, constituted by S-CH 2 -CH(CH 3 )-Ph, S-CH 2 -CH(NH 2 )-Ph (2-PET-NH 2 ), 26 and L-cysteine, 25 the effect of SCH 3 and 2-PET ligands on the UV spectra is depicted in Fig. S12 (ESI †), where 2-PET holds a slightly more intense profile, but both profiles look quite similar. The presence of a phenyl ring on the 2-PET ligand does not have a strong effect on its obtained UV spectrum, and this can be ascribed to the distant location of phenyl rings from the gold core. In contrast, the achiral SPh ligand holds a more intense profile when compared to the Au 18 cluster protected by chiral 2-PET-Met ligands (Fig. S13 , ESI †) and this effect may be attributed to its proximity to the gold core. Interestingly the displayed bonding types of 2-PET and 2-PET-Met structures (Fig. S14 , ESI †) are similar and their optical absorption spectra are closely related. Specifically, for those structures where no active groups form part of the ligands, the optical properties seem to be independent of the chirality of the ligand. On the other hand, the cluster protected by p-MBA shows a stronger optical absorption spectrum when compared to achiral MPA ligands which do not include phenyl rings (Fig. S15, ESI †) . From these results, it seems straightforward to conclude that the presence of phenyl rings, which are close to the gold core, results in a strong UV spectrum and it is not related to the chirality of the ligand (see Fig. S13 , ESI †, where Au 18 protected by achiral SPh ligands exhibits a more intense UV spectrum). Regarding the studied chiral ligands, it is important to mention that L-cysteine can be considered as a realistic one (Fig. 9) . It is found that its UV spectrum features an intense first peak due mostly to HOMO to LUMO transitions (contribution of 68%). Its intensity is even larger than the peak depicted by SPh ligands. Given the fact that L-cysteine does not have phenyl rings, the enhanced first peak must be related to other effects. The displayed bonding shows similar O-H, N-H and C-H bonds (Fig. 7) ; another fact is that L-cysteine induces a strong distortion of the Au-S framework as MPA does. The contribution to the energy levels (Fig. S16, ESI †) demonstrates that oxygen atoms contribute to those levels up to the HOMO level in such a manner that the presence of oxygen atoms has a strong effect on the electronic structure of the Au 18 cluster protected by L-cysteine.
On the other hand, achiral m-MBA ligands 27 feature visible differences on CD and UV profiles with respect to achiral p-MBA ligands (Fig. 8 against Fig. 9 ). In general, the enhancement on the CD and UV spectra is related to the presence of oxygen atoms, phenyl rings, or a similarity of bonds as mentioned in the structure protected by L-cysteine. It is noteworthy that a trend cannot be established based only on the chirality of the studied ligands.
Conclusions
A study of the effect of ligands on the optical and chiroptical properties of the thiolated Au 18 cluster was carried out based on DFT and DFT-D calculations. Clearly, Au 18 clusters protected by achiral ligands such as p-MBA, SPh ligands, and m-MBA or protected by chiral L-cysteine ligands show a major distortion in their Au-S framework and on their inner gold core. This distortion seems to be not related to the chirality of the ligand, i.e. the distortion induced by chiral S-CH 2 -CH(CH 3 )-Ph ligands is similar to the influence of achiral 2-PET ligands.
Moreover, the major distortion can be related to the presence of active groups (containing oxygen) and to their interligand interactions, or it can be ascribed to the presence of phenyl rings which are located close to the gold core.
The ligand effect on thiolated Au 18 clusters is reflected in the bonding, electronic, optical and chiroptical properties, and the contribution to the energy levels from oxygen atoms in the p-achiral MBA, m-MBA, and chiral L-cysteine protected clusters is high. Conversely, SCH 3 and S-c-C 6 H 11 ligands depict a similarity in their bonding, UV and CD spectra, and therefore S-c-C 6 H 11 ligands (involved during experiments) can be simplified by SCH 3 ligands during calculations.
On the other hand, it was found that Au 18 clusters protected by achiral ligands such as SPh show a slightly more intense UV profile than chiral S-CH 2 -CH(CH 3 )-Ph ligands in such a manner that chiral ligands (i.e. 2-PET-Me and 2-PET-NH 2 ) may not induce stronger CD or UV signals. This result is in accordance with a study carried out on thiolated Au 38 clusters, where chiral BINAS ligands were not able to induce a strong CD signal. 28 Finally, our study supports the idea that active groups and phenyl rings close to the gold core have a strong effect on the structural, electronic and chiroptical properties. In this sense, our results provide new insight into the knowledge of the ligand effect on thiolated gold clusters. 8, 9 In order to gain more insight into the chirality of these compounds, please read the work by Prof. Bürgi and references included in ref. 29 .
